Li L, Zeng H, Chen JX. Apelin-13 increases myocardial progenitor cells and improves repair postmyocardial infarction.
APELIN, a recently isolated bioactive peptide from bovine gastric extract, is an endogenous ligand of the human G proteincoupled receptor angiotensin-like 1 receptor (APJ) (26, 28, 39) . Apelin has requisite roles for different aspects of cardiac and vascular development and has been detected in the region around presumptive blood vessels during early embryogenesis and overlapped with the expression of APJ in the cardiovascular system of Xenopus laevis and zebrafish (5, 22, 45) . Furthermore, knockdown of apelin induced abnormal heart morphology and attenuated expression of tie-2, resulting in the disruption of blood vessel formation in the posterior cardinal vein as well as in intersomitic and vitelline vessels (5, 22, 45) . Apelin/APJ is expressed in multiple tissues, including vascular endothelial cells and the myocardium (10, 25) . Recently, the role of apelin/APJ in the pathogenesis of heart failure (HF) has received much attention. Apelin mRNA levels were increased in the left ventricle (LV) of patients with chronic HF due to coronary heart disease and dilated cardiomyopathy (10, 37) . In animal models of HF, expression of apelin/APJ was upregulated, but it was downregulated in association with severe, decompensated HF (37) . Myocardial infarction (MI) is a major cause of HF, with progressive worsening of cardiac performance due to structural and functional alterations. Accumulating evidence indicates that apelin has a protective role against acute ischemia and/or reperfusion-induced myocardial injury (20, 29, 35, 44) . In ischemia-reperfusion injury, increased apelin has been shown to contribute to the improvement of cardiac dysfunction by suppressing myocardial apoptosis (44) . Furthermore, treatment with apelin-13 (a 13-amino acid peptide), a natural peptide of apelin, reduced myocardial infarct size and limited postischemic myocardial contracture in a rat myocardial ischemia-reperfusion model (30) . Although the involvement of apelin/APJ in the regulation of angiogenesis and the protection of myocardial ischemia-or reperfusion injury has been characterized, the role of apelin/APJ in ischemic HF and post-MI is less clear.
A recent study (23) reported that the apelin/APJ system is involved in the regulation of blood vessel diameter via downstream signaling of angiopoietin-1 (Ang-1)/tie-2 during angiogenesis (23) . By analysis of downstream signaling after Ang-1/tie-2 activation in ischemic hearts, we found that overexpression of Ang-1 significantly increases apelin expression together with a dramatic improvement of myocardial angiogenesis and cardiac functional recovery in post-MI mice (43) . However, it is unknown if the improvement in myocardial function after ischemia provided by apelin involves the upregulation of angiogenic growth factors, such as VEGF, and stimulation of angiogenesis.
Vascular progenitor cells (PCs) home to sites of ischemia and contribute to neovascularization in ischemic tissue (18) . Experimental data and clinical studies have demonstrated that treatment of acute MI with vascular PCs results in a reduction in infarct size (3, 33) . Stromal cell-derived factor (SDF)-1␣ and its receptor C-X-C chemokine receptor (CXCR)4 have been identified as the central signaling axis that regulates vascular PC homing into the injured area of myocardial ischemia and in the improvement of cardiac function post-MI (1a) . In addition, SDF-1␣/CXCR-4 has been shown to protect the heart post-MI (1a, 11, 15) . The present study investigated whether treatment with apelin-13 promotes vascular PC homing into ischemic sites through SDF-1␣/CXCR-4 signaling and whether this leads to an improvement of cardiac function in post-MI mice. Our data suggest that the apelin/APJ system plays a crucial role in the regulation of vascular PC homing, myocardial angiogenesis, and cardiac repair post-MI. Experimental animal model. C57BL/6J mice (8 -10 wk of age) were purchased from The Jackson Laboratories (Bar Harbor, ME). Experimental mice were anesthetized with ketamine (100 mg/kg) plus xylazine (15 mg/kg), intubated, and artificially ventilated with room air. A left thoracotomy was performed, and the left anterior descending coronary artery (LAD) was exposed. An 8-0 nylon suture was placed around the LAD. Myocardial ischemia was achieved by ligation of the LAD. Sham-operated (sham) control mice underwent surgery without the LAD ligation (4, 40) .
MATERIALS AND METHODS

All
Systemic administration of apelin-13 in experimental mice. Experimental mice received apelin-13 intraperitoneally (1 mg·kg Ϫ1 ·day Ϫ1 , Cayman Chemical) daily for 3 days before surgery. After surgery, mice continued to receive apelin-13 intraperitoneally for 14 days before death. A schematic diagram of the apelin-13 treatment protocol with experimental end points is shown below:
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where d is days and IS is ischemia.
Western blot analysis of SDF-1␣, CXCR-4, VEGF, apelin, APJ, endothelial nitric oxide synthase, Akt, jagged1, and notch3 expression. Hearts were harvested and homogenized in lysis buffer for Western blot analysis. After immunoblot analysis, membranes were immunoblotted with SDF-1␣, VEGF, apelin, APJ, jagged1, and Notch3 (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA) as well as CXCR-4 (1:1,000, Sigma, St. Louis, MO) antibodies. Membranes were then washed and incubated with a secondary antibody coupled to horseradish peroxidase, and densitometric analysis was carried out using image acquisition and analysis software (TINA 2.0).
Analysis of myocardial capillary and arteriole densities. Fourteen days after myocardial ischemia, hearts were harvested and immediately flash frozen. Sections (8 m thick) were cut and incubated with fluorescerin-labeled Griffonia Bandeiraea simplicifolia isolectin B4 (1:200, Molecular Probes-Invitrogen, Eugene, OR) and Cy3-conjugated anti-␣-smooth muscle actin (␣-SMA; 1:100; Sigma). The number of capillaries (isolectin B4 ϩ endothelial cells) was counted and expressed as capillary density per square millimeter of tissue. Myocardial arteriole (␣-SMA ϩ smooth muscle cells located in vascular walls) density was measured using image-analysis software (ImageJ, NIH) (4) .
Measurement of myocardial infarction size by 2,3,5-triphenyltetrazolium chloride staining. Twenty-four hours after the initiation of ischemia, hearts were excised and sliced into five 1-mm-thick crosssections below the ligature. Heart sections were incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma) and kept at 37°C for 30 min to stain the viable myocardium red and show the infaction as pale areas. Infarcted and total LV areas from both cut surfaces of each section were measured with Image Pro-express software (40 (43) .
Cardiac function. Experimental and sham control mice were anesthetized with ketamine (100 mg/kg) plus xylazine (15 mg/kg), intubated, and artificially ventilated with room air. A 1.4-Fr pressureconductance catheter (SPR-839, Millar Instruments, Houston, TX) was inserted into the LV to record baseline cardiac hemodynamics of the hearts. The method was based on measuring the time-varying Fig. 1 . Apelin-13 increases apelin and angiotensin-like 1 receptor (APJ) expression in ischemic hearts. A: results from Western blot analysis demonstrating that exposure to ischemia (IS) for 14 days leads to a significant increase in apelin expression compared with sham-operated (sham) control mice. Treatment with apelin-13 further upregulated apelin expression in ischemic mouse hearts at 14 days. These changes were not seen at 24 h (n ϭ 4 mice/group). *P Ͻ 0.05. B: results from Western blot analysis demonstrating that exposure to ischemia for 14 days leads to a significant increase in APJ expression compared with sham control mice. Treatment with apelin-13 further increased APJ expression in ischemic mouse hearts at 14 days. These changes were not apparent at 24 h (n ϭ 4 mice/group). *P Ͻ 0.05. electrical conductance signal of two segments of blood in the LV from which total volume is calculated. Raw conductance volumes were corrected for parallel conductance by the hypertonic saline dilution method (43) .
Heart weight-to-body weight ratio and fibrosis. Cardiac hypertrophy was assessed by measuring the heart-to-body weight ratio at 14 days postmyocardial ischemia. Each heart weight was divided by the total body weight of the mouse, resulting in a ratio representative of cardiac hypertrophy. Cardiac ␤-myosin heavy chain (␤-MHC) and atrial natriuretic pepetide (ANP) expression were examined by Western blot analysis. To determine cardiac fibrosis, sections were stained with Masson's trichrome (Sigma). Myocardial fibrosis was quantified by measuring the blue fibrotic area using NIH Image-analysis software as previously described (4 5 BM-derived mononuclear cells were plated into six-well culture plates. After 4 days of culture, nonadherent cells were removed, and adherent cells were washed three times with PBS. BMPCs were then harvested and cultured for 14 days. VEGF, apelin, and APJ levels were examined by Western blot analysis.
Statistical analysis. Results are expressed as means Ϯ SD. Statistical analysis was performed using one-way ANOVA followed by a multiple-comparisons test (Student-Newman-Keuls). Significance was set at P Ͻ 0.05.
RESULTS
Upregulation of apelin/APJ expression in hearts of post-MI mice.
Western blot analysis demonstrated that apelin and APJ expression were significantly increased at 14 days in post-MI hearts but not at 24 h compared with sham control hearts (Fig. 1,  A and B) . Similarly, treatment with apelin-13 led to significant increases in apelin and APJ expression at 14 days post-MI compared with sham control hearts. Expression of apelin and APJ was significantly higher in 14-day apelin-13-treated post-MI hearts compared with 14-day untreated post-MI hearts ( Fig. 1, A and B) .
Treatment with apelin-13 promotes vascular PC homing to infarcted hearts via upregulation of SDF-1␣/CXCR-4 expression.
Next, we investigated whether treatment with apelin-13 affected homing of PCs into infarcted mouse hearts. CD133 ϩ / Sca1 ϩ /c-Kit ϩ cells were examined in the border zone of infarcted hearts at 24 h and 14 days after myocardial ischemia.
Numbers of CD133
ϩ /Sca1 ϩ /c-Kit ϩ cells were increased in infarcted hearts at day 14 post-MI (Fig. 2, A-D) . Treatment with apelin-13 resulted in a significant increase in CD133 ϩ / Sca1 (Fig. 2, A-D) . Surprisingly, no CD133 ϩ /Sca1 ϩ /c-Kit ϩ cells were detected at 24 h of ischemia in the experimental groups (data not shown).
To examine the potential role of SDF-1␣/CXCR-4 in apelin-13-induced vascular PC homing into infarcted mouse hearts, we examined the numbers of CD133 /SDF-1␣ ϩ and CXCR-4 ϩ /c-Kit ϩ cells were found in either sham control or apelin-13-treated sham control mouse hearts. Western blot analysis revealed that CXCR-4 and SDF-1␣ expression were significantly increased at 24 h and 14 days of ischemia. Furthermore, treatment with apelin-13 resulted in significant increases in CXCR-4 and SDF-1␣ expression compared with control ischemic hearts at both time points (Fig. 3, E and F) .
Treatment with apelin-13 attenuates myocardial infarct size and apoptosis. To determine whether treatment with apelin-13 minimizes the area of MI and apoptosis, we performed TTC and TUNEL staining analyses at 24 h and 14 days post-MI. Treatment with apelin-13 led to a significant decrease in the area of MI, as assessed by the ratio of the infarcted area to LV area at 24 h (Fig. 4A) . TUNEL staining further revealed that mouse hearts subjected to 24 h and 14 days of myocardial ischemia significantly increased numbers of TUNEL ϩ cells in the infarcted area of the LV compared with sham control hearts. Treatment with apelin-13 resulted in a significant reduction of TUNEL ϩ cells in the infarcted area of the LV at both time points (Fig. 4, B and C) .
Apelin-13 increases Akt and eNOS phosphorylation and upregulates angiogenic growth factor expression. To explore the potential intracellular molecular mechanism by which apelin-13 attenuates myocardial apoptosis, myocardial expression of prosurvival signaling Akt/eNOS was examined. Western blot analysis showed that phosphorylation of Akt and eNOS was significantly decreased in the border zone of mouse hearts subjected to ischemia for 24 h and 14 days compared with sham control hearts, whereas total eNOS and Akt expression showed little change. Treatment with apelin-13 led to significant increases in Akt and eNOS phosphorylation at 24 h and 14 days after myocardial ischemia, whereas total levels of Akt and eNOS were unchanged (Fig. 5, A and B) .
Since apelin has been shown to be involved in the regulation of neovascularization after ischemia, we next examined the expression of VEGF, jagged1, and notch3. As shown in Fig.  5C , VEGF expression was significantly upregulated in the border zone of infarcted hearts after 24 h and 14 days of ischemia compared with sham control hearts at both 24 h and 14 days. The expression of VEGF was significantly enhanced in apelin-13-treated ischemic hearts compared with ischemic control hearts at both time points. Intriguingly, notch3 expres- ϩ /c-Kit ϩ cells was significantly increased in apelin-13-treated mice subjected to MI compared with control ischemic mice.
CXCR-4
ϩ /c-Kit ϩ cells are expressed as total numbers per 100 nuclei. All data are means Ϯ SD; n ϭ 4 mice/group. *P Ͻ 0.05. E: results from Western blot and densitometric analyses demonstrating that SDF-1␣ expression was significantly increased in mouse hearts subjected to ischemia for 24 h and 14 days compared with sham control hearts. Treatment with apelin-13 significantly increased SDF-1␣ expression in ischemic hearts compared with ischemic control harts. All data are means Ϯ SD; n ϭ 4 mice/group. *P Ͻ 0.05. F: results from Western blot and densitometric analyses of myocardial CXCR-4 expression showing that expression was significantly increased in mouse hearts subjected to ischemia for 24 h and 14 days compared with sham control hearts. Treatment with apelin-13 significantly increased CXCR-4 expression in ischemic hearts compared with ischemic control hearts. All data are means Ϯ SD; n ϭ 4 mice/group. *P Ͻ 0.05. sion was only increased at 14 days post-MI compared with sham control hearts, whereas jagged1 expression was unaffected (Fig. 5, D and E) . Treatment with apelin-13 further enhanced notch3 expression at 14 days post-MI (Fig. 5D) . Surprisingly, jagged1 expression was significantly upregulated at both time points in apelin-13-treated mouse hearts (Fig. 5E ).
Apelin-13 increases myocardial capillary and arteriole density. To investigate whether apelin-13 improves myocardial angiogenesis in vivo, myocardial capillary density and arteriole formation were examined at 14 days post-MI. Hearts subjected to ischemia showed a significant increase in myocardial capillary density in the border zone at 14 days post-MI compared The noninfarcted area appears red and the infarct area appears white after 2,3,5-triphenyltetrazolium chloride (TTC) staining. The myocardial infarct area was significantly reduced in apelin-13-treated mice compared with control post-MI mice (n ϭ 3 mice/group). *P Ͻ 0.05. B: representative images of TUNEL-stained heart sections of the infarcted area from sham control and apelin-13-treated mice 24 h and 14 days post-MI. Apoptotic cells in the infarcted area of the left ventricle were identified by TUNEL staining (green) and total nuclei by DAPI counterstaining (blue). Magnification: ϫ10. TUNEL staining was seen post-MI at 24 h and 14 days, but in apelin-treated mice, fewer TUNEL ϩ cells were found at each time point. C: results from quantitative analysis of apoptotic cells in the infarcted area of control and apelin-13-treated mouse hearts 24 h and 14 days after sham surgery or ischemia. TUNEL ϩ cells are expressed as total numbers per 100 nuclei in the infracted area. Apoptotic cells were significantly increased post-MI at 24 and 14 days. Significantly fewer TUNEL ϩ cells were seen in apelin-13-treated mice at both time points (n ϭ 4 mice/group). *P Ͻ 0.05.
with sham control hearts. Treatment with apelin-13 led to a further significant increase in myocardial capillary density at 14 days post-MI (Fig. 6, A and B) . Furthermore, the number of arterioles in the border zone was significantly increased in apelin-13-treated mouse hearts compared control mouse hearts at 14 days post-MI (Fig. 6, C and D) . Apelin-13 prevents cardiac hypertrophy and improves cardiac functional recovery in post-MI mice. The heart weight-tobody weight ratio and myocardial fibrosis were evaluated to further investigate the consequences of apelin-13-induced homing of vascular PCs on cardiac remodeling. As shown in Fig. 7A , the heart weight-to-body weight ratio was significantly increased in post-MI mice compared with sham control mice. Treatment with apelin-13 led to a significant decrease in the heart weight-to-body weight ratio in post-MI mice compared with post-MI mice alone (Fig. 7A) . Furthermore, expression of the hypertrophic genes ␤-MHC and ANP was significantly increased in mice 14 days post-MI. Treatment with apelin-13 led to significant decreases in ␤-MHC and ANP expression in mice 14 days post-MI (Fig. 7, B and C) . Myocardial fibrosis in the infarcted area was also significantly increased in post-MI mice compared with sham control mice (Fig. 7, D and E) . Treatment with apelin-13 resulted in a significant decrease in myocardial fibrosis compared with control mice at 14 days post-MI (Fig. 7, D and E) .
To further investigate whether treatment with apelin-13 improves cardiac functional recovery post-MI, cardiac function was measured in sham control, post-MI, or apelin-13-treated post-MI mice at 14 days. Load-dependent hemodynamic parameters were assessed with the catheter in the LV ( Table 1) . As shown in Table 1 , by 14 days post-MI, there was a decrease in cardiac contractility, as reflected by decreases in stroke work, stroke volume, end-systolic pressure, and the end-systolic pressure-volume relationship. Treatment with apelin-13 significantly improved cardiac contractility in 14 days post-MI mice. Treatment with apelin-13 alone had little effect on cardiac contractility but significantly increased end-diastolic and end-diastolic pressure-volume relationships (Table 1) . Post-MI mice also showed significant reductions in cardiac function, as reflected by decreased cardiac output and ejection fraction, lower ϩdP/dt max , and higher ϪdP/dt min compared with sham control mice. Treatment with apelin-13 caused significant increases in each of these variables compared control mouse hearts at 14 days post-MI (Fig. 7, F-H) .
Apelin-13 increases VEGF and apelin/APJ expression in BMPCs from post-MI mice. Recent studies have indicated that BMPCs stimulate myocardial angiogenesis and promote ischemic functional recovery through a paracrine mechanism (6, 19) . To investigate whether apelin-13 increases angiogenic factors in BMPCs, the expression of VEGF and apelin/APJ was examined. As shown in Fig. 8A , VEGF expression was significantly increased in BMPCs of apelin-13-treated post-MI mice. Fourteen days of MI resulted in increased expression of apelin and APJ expression in BMPCs compared with sham control mice. Treatment with apelin-13 resulted in further increases in apelin and APJ expression in BMPCs of post-MI mice at 14 days compared with MI alone (Fig. 8, B and C) .
DISCUSSION
Our data demonstrate that treatment with apelin-13 leads to a significant increase in homing of CD133 ϩ /c-Kit ϩ /Sca1 ϩ to ischemic areas after experimental MI in mice. This is accompanied by significant increases in myocardial capillary density and arteriole formation. Apelin-13 treatment also results in a significant improvement of cardiac function post-MI. Our study also reveals that apelin-13 upregulates SDF-1␣ and CXCR-4 expression in the infarcted heart. These results suggest that apelin-13 promotes cardiac repair and functional recovery post-MI by promoting vascular PC homing via a mechanism involving SDF-1␣/CXCR-4 signaling.
Apelin-13 has been previously shown to alleviate myocardial ischemic injury in animal models (24, 30, 35, 44) ; however, the underlying mechanisms by which apelin-13 promotes cardiac repair and functional recovery are not completely understood. Accumulating evidence reveals that BMPCs are involved in healing the ischemic myocardium and may be important in functional recovery post-MI (2, 17, 42) . Gao and colleagues (12) showed that transplantation of BM led to a significant increase in apelin levels and an improvement of cardiac dysfunction in patients with severe HF. Furthermore, they demonstrated that expression of the apelin-APJ pathway during the differentiation of BM into cardiomyogenic cells contributed to myocardial regeneration and functional recovery after BM transplantation (13). Previous studies also revealed that loss of apelin and APJ function affect endothelial, hematopoietic, and cardiac PC differentiation (16, 45) . APJ has also been shown to regulate the migration of cells fated to form myocardial PCs (34). Most recently, apelin and APJ were found as important promoters of mammalian cardiomyogenesis (7). To our knowledge, the present study is the first demonstration that treatment with apelin-13 significantly increases the number of CD133 ϩ /c-Kit ϩ /Sca1 ϩ cells homing to myocardial ischemic areas. The increased number of CD133 ϩ /c-Kit ϩ cells colocalize with CXCR-4 ϩ and SDF-1␣ ϩ cells in the ischemic area, suggesting that activation of SDF-1␣/CXCR-4 signaling may contribute to apelin-13-induced homing of vascular PCs into the ischemic heart. Our data also show that treatment with apelin-13 significantly increases myocardial VEGF, apelin and APJ expression, and Akt and eNOS phosphorylation at 14 days post-MI. Most intriguingly, treatment with apelin-13 leads to significant increases in VEGF and apelin/APJ expression in BMPCs of post-MI mice. Based on these findings, we postulate that apelin-13 promotes vascular PC homing to ischemic areas, leading to the secretion of VEGF and apelin as well as activation of the Akt/eNOS signaling pathway, which attenuates myocardial apoptosis and improves cardiac function post-MI. Our present study showed that CXCR-4 and SDF-1␣ levels were elevated after 24 h of ischemia; surprisingly, homing of CD133 ϩ /c-Kit ϩ cells was not apparent in the ischemia area. A previous study has revealed that the numbers of PCs in circulation were significantly decreased on day 1 post-MI but markedly increased on days 3 and 5 post-MI (38) . Interestingly, CXCR4 ϩ cells from both the circulation and BM of post-MI mice were significantly increased compared with those of noninfarcted mice (38) . The discrepancy of CXCR-4/SDF-1␣ expression and homing of PCs seen in our present study may be due to the decreased numbers of PCs mobilizing from the BM to the circulation on day 1 post-MI. In addition, our study reveals that treatment with apelin-13 upregulates prosurvival signaling VEGF expression and Akt/eNOS phosphorylation at 24 h of ischemia. Treatment with apelin-13 also reduces myocardial apoptosis and infarction size at 24 h of ischemia, suggesting a direct action of apelin-13 on ischemic hearts. This direct protection by apelin-13 against myocardial ischemic injury may also contribute, at least in part, to the improvement of cardiac functional recovery in post-MI mice. We also found that treatment with apelin-13 for 14 days alone led to a significant increase in the end-diastolic pressure-volume relationship, but whether treatment with apelin-13 alone causes cardiac hypertrophy, which leads to diastolic dysfunction, needs further investigation.
Increased angiogenesis and the formation of neovessels are critical processes in the restoration of coronary blood flow and in the repair of ischemic injury post-MI. Myocardial function is significantly improved by promoting angiogenesis in ischemic areas (32) . Our present data also show that treatment with apelin-13 increases myocardial capillary density and promotes mature and large arteriole formation in infarcted hearts. This was accompanied by a significant improvement of cardiac function post-MI. Our data further demonstrate that treatment with apelin-13 results in a significant upregulation of jagged1 and notch3 expression in post-MI mouse hearts. The notch ligand jagged1 is essential for vascular remodeling and has been linked to congenital HF in humans (9, 36, 41) . The notch ligand jagged1 plays a critical role in the regulation of vascular smooth muscle cell differentiation and vessel development via notch3 during early embryonic development (14) . Deficiency of notch3 has been shown to disrupt vascular smooth muscle cell differentiation and to increased infarct size in ischemic stroke (1, 8, 21) . A mutation in notch3 leads to a reduction in the diameter of cerebral arteries and capillary density (21) as well as increased risk of MI (27) . The increased expression of jagged1/notch3 may contribute to the larger and matured arteriole formation seen in infarcted hearts after apelin-13 treatment. Taken together, our data implicate the apelin/APJ system in the regulation of angiogenesis by a mechanism involving the activation of jagged1/notch3 pathways. Further studies are needed to elucidate the molecular mechanisms and interactions between jagged1/notch3 and apelin/APJ pathways in the regulation of cardiac angiogenesis and cardiac repair post-MI.
The present study demonstrates that treatment with apelin-13 promotes vascular PC homing and a dramatic improvement of cardiac function in mice post-MI. These changes are associated with a significant upregulation of SDF-1␣/CXCR-4 expression and improvement of myocardial angiogenesis. These results provide a novel mechanistic explanation for how apelin-13 might improve cardiac function in patients with MI and HF. The results of the present study also suggest that apelin-13 or pharmacological agonists of the APJ receptor could act as novel therapies for the treatment of patients with coronary artery disease.
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No conflicts of interest, financial or otherwise, are declared by the author(s). 5 . Apelin-13 increases survival and angiogenic growth factor expression in ischemic hearts. A: representative results from Western blot and densitometric analyses of myocardial Akt phosphorylation. Phosphorylated (p-)Akt was significantly reduced in mouse hearts subjected to ischemia for 24 h and 14 days compared with sham control hearts. Treatment with apelin-13 significantly prevented ischemia-induced downregulation of Akt phosphorylation and increased levels over sham control values at both time points (n ϭ 4 mice/group). *P Ͻ 0.05. B: representative results from Western blot and densitometric analyses of myocardial endothelial nitric oxide synthase (eNOS) phosphorylation. p-eNOS was significantly reduced in mouse hearts subjected to ischemia for 24 h and 14 days compared with sham control hearts. Treatment with apelin-13 significantly prevented and increased levels over sham control levels of ischemia-induced downregulation of eNOS phosphorylation. (n ϭ 4 mice/group). *P Ͻ 0.05. C: representative results from Western blot and densitometry analyses of myocardial VEGF protein expression at 24 h and 14 days after myocardial ischemia. VEGF expression was significantly increased in ischemic control mice compared with sham control mice at 24 h and 14 days. Treatment with apelin-13 resulted in a significant increase in VEGF expression compared with control mice subjected to myocardial ischemia for 24 h and 14 days and increased levels over sham controls (n ϭ 4 mice/group). *P Ͻ 0.05. D: representative results from Western blot and densitometric analyses of Notch3 expression. Notch3 expression was significantly increased in ischemic control mice compared with sham control mice at 14 days. Treatment with apelin-13 resulted in significant increases in Notch3 expression compared with ischemic control mice at 14 days (n ϭ 4 mice/group). *P Ͻ 0.05. E: representative results from Western blot and densitometric analyses of jagged1 expression. Jagged1 expression was similar in sham control mice at 24 h and 14 days post-MI. Treatment with apelin-13 resulted in a significant increase in jagged1 expression compared with ischemic control mice at 24 h and 14 days post-MI (n ϭ 4 mice/group). *P Ͻ 0.05. showing that myocardial ischemia significantly increased myocardial capillary density by isolectin B4 (IB4) staining at 14 days. Treatment of ischemic mice with apelin-13 significantly increased capillary formation compared with ischemic control mice (n ϭ 5 mice/group). *P Ͻ 0.05. C and D: representative images (C) and quantitative analysis (D) of ␣-smooth muscle actin (SMA) staining showing that myocardial ischemia significantly increased myocardial arteriole density in ischemic control mice compared with sham control mice at 14 days. Treatment of ischemic mice with apelin-13 caused a significant increase in arteriole formation compared with ischemic control mice (n ϭ 6 mice/group). *P Ͻ 0.05. Fig. 7 . Apelin-13 reduces cardiac hypertrophy/fibrosis and improves cardiac functional recovery in post-MI mice. A: heart weight-to-body weight ratio in sham control, ischemic, and apelin-13-treated mouse hearts at 24 h and 14 days post-MI. A significant increase in cardiac hypertrophy was observed in mouse hearts after 14 days of ischemia. Apelin-13 treatment significantly suppressed cardiac hypertrophy compared with mice treated with saline (n ϭ 4 -6 mice/group). *P Ͻ 0.05. B: results from Western blot and densitometric analyses demonstrating that ␤-myosin heavy chain (␤-MHC) expression was significantly increased in 14-day post-MI mice compared with sham control mice. Treatment with apelin-13 significantly decreased ␤-MHC expression in 14-day post-MI mice compared with ischemic control mice. All data are means Ϯ SD; n ϭ 4 mice/group. *P Ͻ 0.05. C: results from Western blot and densitometric analyses demonstrating that atrial natriuretic peptide (ANP) expression was significantly increased in 14-day post-MI mice compared with sham control mice. Treatment with apelin-13 significantly attenuated ANP expression in 14-day post-MI mice compared with ischemic control mice. All data are means Ϯ SD; n ϭ 4 mice/group. *P Ͻ 0.05. D and E: representative images of cardiac fibrosis in the infarction zone (D) and quantitative analysis of the fibrotic area (E) in mice treated with saline or apelin-13 (Masson's trichrome stain). Apelin-13 significantly reduced the area of cardiac fibrosis (blue) in ischemic mice compared with saline-treated ischemic mice. All data are means Ϯ SD; n ϭ 5 mice/group. *P Ͻ 0.05. F: cardiac output (CO) was significantly reduced in 14-day post-MI mice (n ϭ 6) compared with sham control mice (n ϭ 5). Apelin-13 treatment (n ϭ 6) significantly increased CO compared with ischemic control mice. All data are means Ϯ SD; *P Ͻ 0.05. G: myocardial ejection fraction (EF; in %) was significantly decreased in 14-day post-MI mice (n ϭ 6) compared with sham control mice (n ϭ 5). Apelin-13 treatment (n ϭ 6) significantly increased EF compared with ischemic control mice. All data are means Ϯ SD. *P Ͻ 0.05. H: left ventricular function was significantly improved in ischemic mice treated with apelin-13 compared with saline-treated ischemic mice, as shown by the higher ϩdP/dtmax and lower ϪdP/dtmin at 14 days of ischemia. All data are means Ϯ SD; n ϭ 6 apelin-13-treated ischemic mice, 6 saline-treated ischemic mice, and 5 sham control mice. *P Ͻ 0.05. 
AUTHOR CONTRIBUTIONS
